INTRODUCTION
DNA·RNA hybrid duplexes are formed during transcription of DNA sequences into RNA and also during reverse transcription of RNA sequences into DNA [reviewed by Ogawa and Okazaki (1)]. The structure and recognition of DNA·RNA hybrid duplexes and DNA·RNA chimeric duplexes have been the focus of numerous studies because of their crucial roles in transcription, reverse transcription and replication . The structural studies of DNA·RNA hybrid duplexes, mainly by nuclear magnetic resonance (NMR) spectroscopy, have revealed that DNA·RNA hybrid duplexes adopt neither an A-form nor a B-form structure in solution, but an intermediate heteromerous duplex structure (25) . The sugars of the RNA strand have the normal N-type C3′-endo conformation, but those of the DNA strand have an intermediate O4′-endo conformation or have multiple conformers in dynamic exchange (26, 33, 34) . The minor groove width of DNA·RNA hybrid duplexes was found to be between that of A-and B-form duplexes values (23) . These structural features were used to explain the mechanism whereby RNase H discriminates between DNA·RNA hybrid duplexes and pure RNA or DNA duplexes (23) .
X-ray crystallographic studies found that even the introduction of one ribonucleotide into the DNA strand transforms the whole duplex to the A-form geometry with all the sugars in the C3′-endo conformation (18) (19) (20) . Similar results have been found for structures of several Okazaki fragments determined by X-ray crystallography (7, 20, 22) . On the other hand, NMR studies have revealed that for Okazaki fragments, the DNA·RNA hybrid section assumes a conformation similar to that found for pure hybrid duplexes, while the DNA section assumes a conformation closer to B-form DNA (10) (11) (12) 14, 16) . However, when one RNA was inserted into a DNA strand, it was found that the overall conformation of this duplex remains as B-form DNA, except that the sugar pucker of the RNA became C3′-endo (17) . When a DNA duplex is flanked by DNA·RNA hybrids, the central DNA fragment was again found to adopt a B-form conformation and the transition from A-form RNA to B-form DNA involves only one nucleotide step (13) .
Recently, Kochetkov and co-workers have found that RNA/ DNA chimeras can be used as templates for HIV-1 reverse transcriptase (39) . Hogrefe et al. have reported that DNA·RNA hybrid flanked by DNA duplexes can be recognized by Escherichia coli RNase H (40) . Also, it has been proposed that RT-associated RNaseH domain, which degrades the RNA *To whom correspondence should be addressed. Tel: +886 3 5742763; Fax: +886 3 5721746; Email: jwcheng@life.nthu.edu.tw template of DNA·RNA hybrid chimeric duplexes, may distinguish double-strand RNA, RNA·DNA junctions and hybrid duplexes according to their distinct hydration patterns (41) . The possible correlation between the structure and function of DNA·RNA hybrid and chimeric duplexes and their interactions with important enzymes, such as HIV reverse transcriptase and RNase H, prompted us to study the conformational properties of a chimeric duplex [d(CGC)r(aaa)d(TTTGCG)] 2 in which the hybrid junctions are flanked by DNA duplexes at both ends. We have used two-dimensional NMR, simulated annealing and restrained molecular dynamics to determine the three-dimensional solution structure and hydration of this dodecamer for which the DNA and RNA analogs have been extensively studied by X-ray crystallography (42) and NMR (43) .
MATERIALS AND METHODS

Sample preparations
The d(CGC)r(aaa)d(TTTGCG) dodecamer was prepared on an Applied Biosystems 380B DNA synthesizer in 6 µmol scale using solid-phase phosphoramidite chemistry (3, 4) . The purified sample (15 mg) was dissolved in 0. 
NMR spectroscopy
Phase sensitive NOESY and ROESY spectra in water (90% H 2 O:10% D 2 O) were recorded at 273, 278, 283 and 300 K under identical conditions except at different mixing times of 50 and 100 ms, respectively. The intense bulky water signal was suppressed using the Watergate method (44) with a short delay τ of 139 µs, resulting in optimum excitation near 1.7, 7.7 and 13.7 p.p.m. These spectra were collected into 2048 complex points in the t 2 dimension and 800 complex points in the t 1 dimension with relaxation delay of 1.4 s between each scan. The data was further apodized with a sin-square window function and zero-filled to 4096 complex points in the t 2 dimension and 1024 complex points in the t 1 dimension. For non-exchangable protons, NOESY spectra at four different mixing times of 60, 120, 240 and 480 ms were acquired during a 4-day period without removing the sample from the probe at 300 K. These phase-sensitive NOESY spectra were collected into 2048 complex points in the t 2 dimension and 512 points in the t 1 dimension with 32 scans per t 1 experiment and a relaxation delay of 2 s between each scan. The acquired data were transferred to an IRIS Indigo 2 workstation and processed using the XWIN-NMR program (Bruker). The NOESY data sets were apodized with a shifted-sinebell window function for the first 512 points and zero filled to 2048 points in both the t 2 and t 1 dimensions. The DQF-COSY spectrum was recorded in the phase-sensitive mode with time-proportional phase incrementation.
Distance restraint determinations
Proton-proton distances were calculated using the NOE initial rate two-spin approximation at short mixing times normalized to the cross-relaxation rate of the cytosine H5-H6 proton pairs in NOESY spectra collected in D 2 O (d H5-H6 = 2.5 Å) (45) . To guard against spin-diffusion errors, in the present study we initially used the qualitative NOE pattern to establish that this duplex is in the broad family of right-handed structures, and then used this information to ascertain which spin pairs are likely to have an intervening third spin that might produce errors in the calculated distance (46) . For non-exchangeable protons, typical error limits for the upper and lower bound restraints were ±0.4 Å for distances <3.0 Å, ±0.8 Å for distances <4.0 Å and ±1.4 Å for distances >4.0 Å. For exchangeable protons, including imino, amino and RNA C2′-OH protons, distance restraints were set loosely to 2.0-4.0 Å for strong cross-peaks and 3.0-6.0 Å for weak cross-peaks in NOESY spectra collected in water. The restraints for Watson-Crick base pairing H-bond were defined as follows:
Sugar and backbone conformations
To maintain a right-handed helix structure between A-and B-form conformation, six backbone dihedral angles restraints (α = -65°± 60°, β = 170°± 60°, γ = 55°± 60°, δ = 115°± 60°for DNA and 90°± 60°for RNA residues, ε = 180°± 60°and ζ = -75°± 60°) were employed for each residue to exclude unreasonable geometry. Individual sugar and backbone conformation was further confirmed via a combination of NOESY distances and J-coupling data, as outlined by Reid and co-workers (10, 47) . This combined strategy to constrain the backbone has been applied to other DNA·RNA chimeras (11) (12) (13) (14) 16 ) and described in more detail elsewhere (46, 47) . In addition, two sugar pucker dihedral angle restraints (from a combination of NOESY and DQF-COSY data) and one χ angle restraint were also added to maintain the B-type and A-type sugar conformation for DNA and RNA residues, respectively.
Structure calculations and analysis
Three-dimensional structures of [d(CGC)r(aaa)d(TTTGCG)] 2 were calculated using 530 NOE distance restraints, 30 hydrogen bond restraints, and 208 backbone, sugar and glycosidic dihedral angle restraints. Distance restraints were derived from 288 intranucleotide, 146 sequential, 6 cross-strand and 90 exchangeable proton NOEs. Initial A-and B-form DNA·RNA chimeric structures were generated using Insight II (Molecular Simulations Inc.) program. First, the simulated annealing protocol in the program X-PLOR 3.851 (A. T. Brünger, Yale University) was applied to the starting structures at 1000 K and slowly cooled to 300 K with a time step of 1.5 ps per 50 K. From the 50 simulated annealing structures, 10 structures with the lowest energy were chosen for further optimization. Restrained molecular dynamics were then carried out in vacuum with a distance-dependent dielectric constant. The dynamics were initiated at 300 K and the temperature was gradually increased to 1000 K with a time step of 0.5 ps per 50 K and then evolved for 20.0 ps at 1000 K. Subsequently, the system was cooled to 300 K in 14.0 ps and equilibrated for 9.0 ps. The coordinates saved after every 0.5 ps in the last 2.0 ps of the equilibrium were averaged, and the averaged structure was subjected to a further conjugate gradient minimization of 500 steps using Powell algorithm until a final gradient of 0.1 kcal mol -1 was reached. All the structures were finally refined by relaxation matrix based on NOE intensity (48) . NOE volumes of 124 cross-peaks were integrated for each NOESY spectrum at three different mixing times (60, 120 and 240 ms) and used as restraints with uniform upper and lower bonds of ±10%. These restraints were doubled to 248 for two degenerate strands. With the incorporation of distance and dihedral restraints, the R 1/6 factor (49,50) was minimized during the refinement. A cut-off of 5.5 Å was applied for relaxation calculation and an isotropic correlation time of 5.1 ns was Figure 1 . Expansion of the 100 ms water NOESY spectrum of [d(CGC)r(aaa)d(TTTGCG)] 2 at 278 K, 600 MHz. For the amino protons, cross-peaks are labeled according to their assignments. In the base to H1′ region, the intraresidue H6/H8-H1′ and H6/H8-H3′ cross-peaks are labeled with their residue numbers. Two dashed circles show the hydration cross-peaks of H2 protons of 5a and 6a while 4a H2 is buried under the C2′-OH cross-peaks. Three C2′-hydroxyl protons are labeled according to their chemical shifts.
used based on a grid search. During dynamics, the temperature of the system was slowly heated from 100 to 1000 K as the force constant of relaxation was scaled up to a final value of 400. Simultaneously, the force constants of distance restraints of non-exchangeable protons were scaled down to zero. The system was then cooled to 300 K and the final structure was subjected to conjugate gradient minimization until a final gradient of 0.1 kcal mol -1 was reached. The hydrogen bonding of base pairing and exchangeable proton distance restraints was maintained throughout the refinement.
Ten final refined structures were selected for further structural analysis. The helical parameters and torsion angles were analyzed by CURVE 5.2 (51) . The family of 10 structures, together with the NMR restraints used in their determination, has been deposited with the Protein Data Bank. The chemical shifts have been deposited to the Biomagnetic Resonance Bank at the University of Wisconsin.
RESULTS
Resonance assignments and analysis of NMR data
The numbering system for
where the lower-case letters designate RNA residues. Its exchangeable and non-exchangeable proton cross-peaks were assigned using NOESY, ROESY and TOCSY spectra. The H1′ protons were assigned by standard sequential assignment method, followed by the assignment of H2′ and H2′′ protons of DNA, as well as H3′ and H4′ protons of all residues (52, 53) . The H2′ proton of the three RNA adenines were assigned using the H2′-H3′ cross-peaks in the TOCSY spectrum. All the three RNA adenine H2 protons showed both interresidue and intraresidue cross-peaks, particularly in the H6/H8-H1′ region (Fig. 1) . The cross-peaks between RNA adenine H2 protons and water along the F2 dimension were clearly identified except the overlapped cross-peak of 4a H2 which was buried in the intense cross-peaks of hydroxyl protons. (Table S1 ) available at NAR Online.
In addition to the exchangeable imino and amino proton assignments, we have observed three sets of NOEs from the three labile protons resonating at 6.2-6.6 p.p.m. to the ribose protons (Fig. 1) . Since the amino and imino protons of the bases have been assigned, we were left with the only remaining possibility being that the three slowly exchanging labile protons at 6.2-6.6 p.p.m. must belong to RNA 2′OH hydroxyl groups. These assignments were further supported from their cross-peaks with the RNA H1′ and H2′ protons and even the H3′, H4′, H5′/H5′′ protons (Fig. 1) . These labile protons did not show any detectable NOEs to any imino protons, which was also consistent with their assignments as ribose 2′OH protons. Their chemical shifts (6.2-6.6 p.p.m.) are in agreement with previously published assignments of ribose hydroxyl protons (24, 54, 55) .
In the NOESY data collected in D 2 O for the H8/H6 to the DNA H2′/H2′′ region (data not shown), the (n)H6/H8 to (n)H2′ peaks were the most intense and were stronger than the (n)H6/ H8 to (n-1)H2′′ peaks, which in turn were uniformly stronger than the (n)H6/H8 to (n)H2′′ and (n)H6/H8 to (n-l)H2′ peaks. These results indicate that none of the DNA residue in this chimeric duplex assumes a pure A-form conformation in solution. Furthermore, all the DNA sugar residues have quite respectable H1′-H2′ and H3′-H4′ cross peaks in the DQF-COSY spectrum indicating that sugar conformations for the DNA residues are not A-form (data not shown). The DNA residue 7T in the RNA-DNA junction, however, was found to have medium to strong H2′′-H3′ DQF-COSY cross peak (Fig. 2) . The other DNA residues, including residue 3C in the DNA-RNA junction, showed no detectable H2′′-H3′ cross peaks in the DQF-COSY spectrum. The above results indicate that residue 7T in the RNA-DNA junction adopts an O4′-endo sugar conformation, while the other DNA residues adopt C1′-exo or C2′-endo conformations (10) . The H1′-H2′ DQF-COSY cross peak of RNA residue 4a at the DNA-RNA junction was found to be detectable but less intense than that of the DNA residues. No detectable H1′-H2′ DQF-COSY cross peaks for RNA residues 5a and 6a were observed. Also, strong (n)H8 to (n-1)H2′ NOESY cross peaks were found for the RNA residues indicating that the RNA segment in the chimeric strand assumes an A-form conformation.
Hydration of [d(CGC)r(aaa)d(TTTGCG)] 2
The qualitative and quantitative water hydration residence time was determined by the cross-relaxation rate constants using NOESY and ROESY spectra (56, 57) . Comparison of the 1D cross-sections of NOESY and ROESY spectra at the water chemical shift along the F2 dimension showed the evidences for hydration (Fig. 3) . It is important to note that coincident chemical shifts, especially H3′ and H4′ protons of nucleic acids, can also give cross-peaks along the water chemical shift. This coincidence was ruled out by performing experiments under different temperatures, which gave different water chemical shifts to confirm the water signals. The phase sensitive NOESY and ROESY spectra recorded in water at 273, 283 and 300 K were used to identify the water chemical shift and hence the hydration peaks. Long-lived water molecules (correlation time τ c >0.3 ns), with opposite signs of NOE and ROE, were found close to all H2 and H1′ protons of the RNA adenines, except for 4a H2, which was buried under the intense hydroxyl signals at 6.1-6.7 p.p.m. Similar water-H1′ cross-peaks in RNA were also observed previously (55) . In contrast, cross-peaks to the H1′ protons are usually not detected in DNA except at the ends of the duplex or at much longer mixing times. The increase in water-H1′ cross peak intensities with increasing temperature could be explained as NOEs with the 2′OH which are relayed to the water resonance by chemical exchange (Fig. 3) . The methyl group of 7T exhibited a positive NOE to water at 273 K (Fig. 3) , i.e. with a water correlation time longer than 0.3 ns, then changed to a negative NOE when the temperature was raised to 300 K (Fig. 3) . However, NOE peaks of the other two methyl groups (8T and 9T), more distant from the center of the duplex, were negative under all temperatures. Such positive NOE peak to water of the 7T methyl group was not observed in pure DNA duplexes (58-61).
Orientation and exchange rate of C2′-hydroxyl protons
Molecular modeling studies of the RNA duplexes and the DNA·RNA hybrids showed that there are three stable rotamers for the RNA C2′-OH hydroxyl groups (62) . In these rotamers, the C2′-OH can have hydrogen bonds with O3′ of the 3′-phosphate [φ = 90°, when the C2′-OH-H1′ distance is large,~3.5 Å, and 3 J H2′-C2′-OH <4 Hz], with O4′ of either the neighboring 3′-ribose or in the same sugar [φ = 180°, when the C2′-OH-H1′ distance is short, <2.5 Å, and 3 J H2′-C2′-OH = 10-12 Hz], or toward the attached base [φ = 0 to -30°, when the C2′-OH-H1′ distance <2.5 Å, and 3 J H2′-C2′-OH = 4-7 Hz] (63). Among these orientations, the O3′ direction is the most favorable for hydrogen bonding framework (62). As we can see from Figure 1 , the observed 4a 2′OH-H1′, 5a 2′OH-H1′ and 6a 2′OH-H1′ NOE distances were all close to or even larger than 3.5 Å using the cytosine H5-H6 distance (2.5 Å) as a standard. Thus, all of the three RNA C2′-OH groups tend to orient toward the O3′ direction and hence the small 3 J H2′-C2′-OH values. This was further confirmed by the correlation spectroscopy. We did not observe any cross-peak of the three RNA 2′OH protons from TOCSY spectra (mixing times of 20, 46, 200 and 500 ms at pH 5.5-7.5, 273 and 278 K) due to the possible O3′ domain conformation ( 3 J H2′-C2′-OH <4 Hz). Besides, many cross-peaks were detected along the C2′-OH chemical shift in the NOESY spectrum recorded at 278 K (Fig. 1 ). There were more and stronger cross-peaks along the chemical shift of 6a C2′-OH than of 5a and 4a, which in turn had few, weak cross-peaks. Presumably, the hydration pattern and geometry of the grooves, especially the minor groove in the hybrid segment may be the cause of this trend. Since we have also observed distinct hydration pattern in the center of the hybrid segment (i.e. a water correlation time was observed longer than 0.3 ns at the 7T methyl group but not 8T and 9T methyl groups which are more distant from the center of the duplex), there may be long-lived water molecules between 5a and 6a 2′OH protons to mediate stronger NOEs to the ribose protons. Although the possibility of multiple rotamers existence cannot be ruled out for 2′OH groups, the O3′ orientation is still the most preferred one compared with O4′ and base orientations, due to the large distances between 2′OH and H1′ protons.
The exchange rate of the C2′-hydroxyl protons with solvent water was obtained from measurement of the line width of the hydroxyl proton cross-peaks in NOESY spectra along the water chemical shift in the F2 dimension (63) . As the C2′-OH peaks were partially overlapped, we first did decomposition for overlapping to obtain individual line-widths by assuming all peaks had Lorentzian line-shapes. However, due to overlapping and other unresolved scalar coupling, the decomposed line-widths gave us only the estimation of the upper limit of the exchange rate. By performing analysis at several temperatures ranging from 273 to 288 K, we obtained the C2′-OH exchange rate with an overall range of~5-20 s -1 . This exchange rate is lower than other DNA·RNA hybrid duplexes studied previously (k = 26.7 ± 13.8 s -1 ), which had r(gaga) sequence in the central region (63) .
Structural features of [d(CGC)r(aaa)d(TTTGCG)] 2
A total of 10 final simulated annealing, restrained molecular dynamics, and NOE relaxation matrix refined structures (five from initial A-form and five from initial B-form structures) were superimposed and are shown in Figure 4 . The energetic and geometric statistics of the 10 best-refined structures are given in Table 1 . All of the final structures were well defined. For the hybrid segment, the average pairwise r.m.s.d. (heavy atoms) was found to be 0.43 ± 0.08 Å and 1.25 ± 0.36 Å for the overall structures (Table 1 ). The average R 1/6 factor was 0.0266 ± 0.0003, indicating the results correlate well with the experimental data.
Previously, the X-ray structure of the DNA duplex, [d(CGCAAATTTGCG)] 2 , was found to be of B-type (42) and the structure of the RNA duplex, [r(cgcaaauuugcg)] 2 , was determined to be an A-type by NMR spectroscopy (43) . The r.m.s.d. values between the X-ray derived B-DNA duplex (A3T3), the NMR derived A-RNA duplex (A3U3), and the NMR derived chimeric duplex (a3T3, this study) are listed in Table 2 the minor groove width (Fig. 5A) . The overall final refined structures of [d(CGC)r(aaa)d(TTTGCG)] 2 do not assume an A-or B-type conformation which is consistent with the earlier studies of DNA-RNA chimeric duplexes (10) (11) (12) (13) (14) (15) (16) (17) .
Figure 5B shows the sugar puckers for the final NMR refined solution structures compared to its DNA and RNA analogs as well as standard B-and A-form DNA and A-form RNA. The chimeric feature of the structure of the hybrid chimeric duplex in solution is apparent from Figure 5B . The sugar conformation of DNA residue 7T in the RNA-DNA junction was in the O4′-endo range which was consistent with the spectral analysis. The sugar P value of RNA residue 4a in the DNA-RNA junction was located around 60°, which was also consistent with the DQF-COSY data. The sugar conformation of the rest of the DNA residues in this chimeric duplex is in the S-type range (C1′-exo to C2′-endo) while the RNA residues are in the N-type range (C3′-endo). Other structural features (i.e. helical twists, X-displacement, rise, etc.) of [d(CGC)r(aaa)d(TTTGCG)] 2 are shown in Table 3 . The width of the minor groove, as measured by the cross-strand phosphate-phosphate separation, was also significantly affected by the conformation of both strands. The minor groove width for [d(CGC)r(aaa)d(TTTGCG)] 2 was wider than its B-DNA analog, but narrower than that of the RNA analog (Fig. 5A ). Wemmer and co-workers observed that two distamycin molecules can bind in an antiparallel, side-by-side fashion to the minor groove of DNA duplexes (reviewed in [64] [65] [66] . Their studies indicate that the drug affinity was affected by the width of the minor groove. Also, it was observed that there was no binding of distamycin with RNA duplexes due to their wide and shallow minor groove (67) . Thus, the binding mode of distamycin to various nucleic acid duplexes can be used as a probe for the minor groove width. We have examined the binding mode of distamycin with [d(CGC)r(aaa)d(TTTGCG)] 2 , for which the minor groove is wider than its DNA analog but narrower than its RNA analog. It is evident from Figure 6 (10) (11) (12) (13) (14) (15) (16) (17) .
With respect to the DNA duplex-hybrid duplex-DNA duplex junctions, only the 7T·18a (or the symmetrical 19T·6a) DNA base pair in the hybrid junction is involved in the structural transition. Sugar conformation of 7T (19T) was found to be in the O4′-endo conformation based on both NOESY and DQF-COSY spectra (Fig. 2) . Also, quite high buckle and propeller twist values were observed between the junction base pairs and the hybrid segment (Table 3) . A similar highly buckled structure was observed for the junction residues 4g·21C and 5T·20A in the solution structure of [r(cgcg)d(TATACGCG)] 2 (13) . Sugar conformation of DNA residue 3C (15C) in the DNA duplexhybrid duplex junction, however, was found to be in the normal C1′-exo to C2′-endo conformation (Fig. 5A) . Thus, structural parameters of DNA residue at 5′-end of a DNA-hybrid junction are not affected by the A-type RNA at 3′-end. Instead, changes in the structural parameters were observed for DNA residue at 3′-end of a hybrid junction by the A-type RNA at 5′-end. This influence was however involved in only one step. The width of the minor groove is an important structural parameter for DNA·RNA hybrid and chimeric duplexes. Previous studies have shown that the minor groove width of DNA·RNA hybrid and chimeric duplexes was 8.5 Å compared to that of 11 Å for A-form and 7.5 Å for B-form duplexes (23) and was responsible for the recognition and cleavage activity by RNase H (23) . In the present study we observed that although the global structure of [d(CGC)r(aaa)d(TTTGCG)] 2 , was in between its A-type RNA and B-type DNA analogs (Table 2) , its minor groove width was found to be closer to the B-DNA analog than to the A-RNA duplex. This was further confirmed by the distamycin titration data that [d(CGC)r(aaa)d(TTTGCG)] 2 may have an intrinsically wider minor groove than its B-DNA analog but still narrow enough to hold two distamycin molecules.
In addition to the structural features, we have also studied the hydration and dynamics of RNA C2′-OH in [d(CGC)r(aaa)d(TTTGCG)] 2 . Long-lived water molecules with correlation time τ c longer than 0.3 ns were found close to the RNA adenine H2 and H1′ protons in the hybrid segment. A possible long-lived water molecule was also detected close to the methyl group of 7T in the RNA-DNA junction. It is reported in an X-ray structural study of the RNA duplex [r(CCCCGGGG)] 2 that the ribose 2′OH group of the 5′-residue which lock the sugar-phosphate backbone in a C3′-endo conformation allows water molecules to bridge adjacent phosphates in the backbone and hence stabilize the major groove hydration network (68) . In the present study, the hydration network in the major groove of DNA residue 7T at the RNA-DNA junction is stabilized by a C3′-endo conformation of the preceding 5′-RNA. This explains why a long-lived water molecule was detected close to the methyl group of 7T but not to the other two thymines (8T and 9T). This specific hydration pattern also correlates well with the structural studies that only DNA residue 7T at the RNA-DNA junction adopts an O4′-endo sugar conformation, while the other DNA residues including 3C in the DNA-RNA junction, adopt C1′-exo or C2′-endo conformations. Based on the NOE cross-peak patterns and the small coupling constants from TOCSY spectra ( 3 J H2′-C2′-OH <4 Hz), we have found that the RNA C2′-OH groups tends to orient toward the O3′ direction. Molecular modeling studies of the RNA duplexes and the DNA·RNA hybrids have also shown that in the O3′ direction, the RNA C2′-OH may form a possible hydrogen bond with the 3′-phosphate group (62) . The exchange rates for RNA C2′-OH were found to be around 5-20 s -1 , compared to 26.7 ± 13.8 s -1 reported previously for the other DNA·RNA hybrid duplex (63) . This slow exchange rate may be due to the narrow minor groove width of [d(CGC)r(aaa)-d(TTTGCG)] 2 , which may trap the water molecules and restrict the dynamic motion of hydroxyl protons.
In conclusion, we have determined the solution structure of the chimeric duplex [d(CGC)r(aaa)d(TTTGCG)] 2 , where the central hybrid region is flanked by DNA duplexes at both ends. The characteristic structural features and hydration patterns of this chimeric duplex may provide a molecular basis for further understanding the structure and recognition of DNA·RNA hybrid and chimeric duplexes.
